
Density-dependent electronic structure of zinc-blende-type MnAs dots on GaAs(001) studied
by in situ photoemission spectroscopy

J. Okabayashi,1,* M. Mizuguchi,2 K. Ono,3 M. Oshima,1 A. Fujimori,4 H. Kuramochi,2 and H. Akinaga2
1Department of Applied Chemistry, The University of Tokyo, Bunkyou-ku 113-8656, Japan

2National Institute of Advanced Industrial Science and Technology (SYNAF-AIST), Tsukuba, Ibaraki 305-8562, Japan
3Institute of Materials Structure Science, KEK, Tsukuba, Ibaraki 305-0801, Japan

4Department of Complexity Science and Engineering, The University of Tokyo, Kashiwa 277-8561, Japan
(Received 9 September 2004; published 9 December 2004)

We report on the density dependence of the morphology and electronic structure of zinc-blende-type MnAs
dots usingin situ photoemission spectroscopy combined with molecular-beam epitaxy. Transmission electron
microscopy images showed the zinc-blende-type crystalline structure of 10-nm diameter for each dot on
sulfur-passivated GaAs(001) surface. The valence-band photoemission spectra of the MnAs dots were similar
to those of the diluted magnetic semiconductor Ga1−xMnxAs. With increasing dot density, the characteristic
spectra of the zinc-blende-type MnAs persist but a weak Fermi edge appears, suggesting a metallic behavior as
a result of percolation between the dots or the appearance of hexagonal MnAs as a minority phase.
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The successful synthesis of the diluted magnetic semicon-
ductor (DMS) Ga1−xMnxAs epitaxially grown on GaAs sub-
strates using molecular-beam epitaxy(MBE) has opened up
the semiconductor spin-electronics research field, because it
has a large number of functionalities that can be utilized as
nonvolatile memories, spin injection, and optical control of
ferromagnetism in semiconductor devices.1 However, the
Curie temperaturesTCd has been mostly limited to,110 K,
because of the solubility limit of Mn atoms and the selfcom-
pensation of doped carriers.2 Recently, considerable effort
has been devoted to raise theTC of Ga1−xMnxAs as in Mnd
doping in GaAs and MnAs/GaAs multilayers.3–5 To this end,
there is a strong demand for the fabrication of the high-Mn-
concentration limit of Ga1−xMnxAs, namely, MnAs with the
zinc-blende-type structure, which has a high potential for a
breakthrough toward GaAs-compatible materials with a
higher TC.6 However, it is well known that MnAs grows
epitaxially onto GaAs in the hexagonal NiAs-type structure.7

This is because the MnAs/GaAs interfaces are thermody-
namically stable as both materials share As atoms at the in-
terface and the growth process is completely compatible with
the existing III-V MBE technology.

In the previous work, we have reported a fabrication of
the zinc-blende-type MnAs nanoscale dots on sulfur-
passivated GaAs(001).8 Fabrication of thicker films of the
zinc-blende-type MnAs is strongly anticipated because of its
half-metallic behavior as suggested by hypothetical band-
structure calculations.9–13 However, it has been suspected
that thick films may have the crystalline structure of the ther-
modynamically stable NiAs-type bulk MnAs because of lat-
tice relaxation.7 The precise information on the density de-
pendence of the structural and electronic properties of the
MnAs dots on GaAs is therefore strongly required for the
fabrication of thicker zinc-blende-type MnAs films. It was
proposed that MnSb dots on sulfur-passivated GaAs surface
maintain the NiAs-type structure because of the lattice mis-
match between the zinc-blende-type MnSb and GaAs
substrates.14 On the other hand, zinc-blende-type CrAs can

be grown on GaAs below a critical thickness of 3 nm be-
cause of the small lattice mismatch.15 As the lattice mismatch
between MnAs and GaAs is intermediate between the above
two systems, a detailed investigation is needed to see how
MnAs dots are grown on GaAs surface. In this paper, we
report on the morphology-dependent, especially dot-density
dependent, photoemission spectroscopy of the zinc-blende-
type MnAs dots on GaAs(001) using anin situ photoemis-
sion spectroscopy system combined with a MBE system.

The nanoscale MnAs dots were fabricated on sulfur-
passivatedn+-GaAss001d substrates by a conventional solid-
source MBE. It is well known that the GaAs substrates ter-
minated by group VI-element atoms, such as sulfur and
selenium, have a low surface energy, and thus enable a self-
assembled growth of metallic clusters on the
semiconductor.16 To terminate the surface of GaAs substrates
by sulfur, the substrate was first dipped into ansNH4d2Sx

solution for 1 h, then rinsed in pure water. By heating the
substrates up to 400 °C, the reflection high-energy electron
diffraction (RHEED) pattern changed from a halo to a
streaky 131 pattern, indicating the formation of flat sur-
faces. The growth of MnAs dots changed the streaky 131
RHEED pattern to a spotty pattern, indicating the dot forma-
tion. The growth temperature of the MnAs dots on the sub-
strate was set at 200 °C. As references, we have grown
Ga1−xMnxAs and NiAs-type MnAs film on GaAs(001) by the
same recipes as reported in Refs. 1 and 7.

For the investigations of the density dependence of the
MnAs dots, we prepared three samples with different dot
densities of 3.5, 2.0, and 1.531012 cm−2 deduced from the
analysis of the atomic force microscopy(AFM) images as
shown in Fig. 1(a). Hereafter we refer to the three samples as
high-, medium-, and low-density samples. For all the
samples, the maximum diameter and the maximum height of
each dot were estimated to be about 10 and 5 nm, respec-
tively. For sizes larger than 10 nm in diameter, new dots
were formed in other areas of the sulfur-terminated GaAs
substrate. In the case of the high-density sample, AFM im-
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ages reveal that the MnAs dots are connected with each
other. In fact, the root-mean-square value in the high-density
sample was larger than those of medium- and low-density
samples. Therefore, with increasing deposition time, the size
of the dots remained almost constant,10 nm and the dot
densities increased because of the low surface energy of the
sulfur-passivated surface.16

In the transmission electron microscopy(TEM) images
shown in Fig. 1(b), clear lattice fringes of the nanoscale
MnAs dots as well as the GaAs substrate are observed for
both the[110] andf110g cross sections. The dark contrast in
the interface region is due to the sulfur layer at the interface.
The lattice images and selected area electron diffraction pat-
terns of the nanoscale MnAs dots also shown in Fig. 1(b) are
almost the same as those of the GaAs substrate, indicating
the formation of the zinc-blende crystalline structure in the
nanoscale MnAs dots. The lattice constant of the zinc-
blende-type MnAs dots was larger by 0.7% than the lattice
constant 5.65 Å of the GaAs substrate. Without the sulfur
passivation, the crystalline structure, observed by the high-
resolution TEM, of the MnAs film on GaAs(001) was differ-
ent from that of the GaAs substrate, indicating that the MnAs
film was grown in the hexagonal NiAs-type crystalline
structure.18 The zinc-blende-type MnAs dots observed here
are not the same as the high Mn concentration limit of
Ga1−xMnxAs in the sense that the linear extrapolation tox
→1 would yield a=5.75 Å and a considerably large lattice
mismatch of 5.8% with the GaAs substrate would be ex-
pected. It is considered that the formation of the zinc-blende-
type structure and the small lattice mismatch in the nanoscale
MnAs dots result from the strong Mn-S bond compared to
the Mn-As bond inferred from the heats of formation of MnS
and MnAs. Therefore, the nanoscale MnAs dots maintain the
zinc-blende-type structure through the interaction with the
sulfur-terminated layer. It is also noted that in the case of the
nanoscale MnSb dots on sulfur-passivated GaAs surface,
they form in the hexagonal crystalline structure, which has
been attributed to the large lattice mismatch with the GaAs
substrate.14

The MBE system used in this study was connected to the
synchrotron radiation photoemission system at BL-1C(Ref.
17) of the Photon Factory, High-Energy Accelerator Re-
search Organization(KEK) in Japan.In situ photoemission
spectroscopy measurements were performed for the MBE-
grown MnAs dots. The samples grown by MBE were trans-
ferred into the photoemission chamber without breaking the
ultrahigh vacuum. The emission angle of photoelectrons was
set normal to the surface. Photoemission measurements were
done at room temperature and the total-energy resolution was
set at about 100 meV using a Gammadata-Scienta SES-100
hemispherical analyzer. The AFM and TEM measurements
were made after the photoemission measurement.

The Mn 3d partial density of states(PDOS) of the nano-
scale MnAs dots has been obtained using the 3p−3d reso-
nant photoemission spectroscopy and is compared with those
of Ga1−xMnxAs and NiAs-type MnAs film in Fig. 2. The Mn
3d PDOS has been deduced by the subtraction of the photo-
emission spectrum taken at 48 eV from that taken at 50 eV.
Figure 2(a) shows the valence-band photoemission spectra of
the in situ prepared Ga1−xMnxAs. The Mn 3d PDOS of
Ga1−xMnxAs is similar to that reported previously.19 Reso-
nant enhancement was observed in the photoemission spectra
taken at 50 eV fromEF to ,−10 eV with a prominent peak
at ,−4 eV. Ga1−xMnxAs has the zinc-blende-type crystalline
structure with the Mn atom tetrahedrally coordinated by
As atoms. All the tetrahedrally bonded Mn-based DMS in-
cluding II-VI compounds reported so far show almost the
same Mn 3d PDOS, that is, the main peak located around24
eV, a strong satellite structure at deep energies around
−7,−9 eV, and a relatively small spectral weight within22
eV from EF.20 Such an electronic structure has been well
understood using the configuration-interaction cluster model
and cannot be reproduced within the framework of band-
structure calculations, indicating the importance of the Cou-
lomb interaction between the Mn 3d electrons.20 On the
other hand, the photoemission spectra of the MnAs film in
Fig. 2(d) do not show the pronounced24 eV peak or the
satellite structure in the on resonanceshn,50 eVd but show

FIG. 1. (Color online) Density-dependent sur-
face morphology of the nanoscale MnAs dots.(a)
Atomic force microscopy images for different dot
densities in 3003300 nm2; low density (left),
medium density (middle), and high density
(right). (b) Cross-sectional transmission electron
microscopy (TEM) images of the zinc-blende-
type MnAs dots in medium density along the
[110] andf110g directions. Selected area electron
diffraction patterns for each place are also shown
in the right panel.
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a clear Fermi edge characteristic of a metallic material. A
strong Auger structure from the As 3d core level as well as
Mn 3p−3d−3d also overlap the valence-band spectra, which
suggests the itinerant character of the valence electrons.

Resonant photoemission spectra of the nanoscale MnAs
dots are shown in Figs. 2(b) and 2(c) for the medium- and
high-density dots, respectively. The spectra of the low-
density MnAs dots(not shown) show almost the same fea-
ture as those of the medium-density MnAs dots. Spectral line
shapes in the entire valence-band region are similar to those
of Ga1−xMnxAs, but are quite different from the photoemis-
sion spectra of the NiAs-type MnAs films, even in the high-
density MnAs dots. The distance between Mn atoms in the
zinc-blende-type MnAs is much larger than that in the NiAs-
type MnAs, and therefore the Mn 3d electrons have tendency
to be strongly correlated. This is indicated by the strong sat-
ellite structure in the valence band and the similar photo-
emission spectra of Ga1−xMnxAs in which doped Mn atoms
behave as impurities. Therefore, the similarity in the line
shapes between the MnAs dots and Ga1−xMnxAs is consid-
ered to be derived from the zinc-blende-type structure and
the strong correlation among the Mn 3d electrons. The ab-
sence of the As-derived and Mn-derived Auger emission in
the spectra of the MnAs dots would be explained by the
strong tendency toward the localization of the hybridized Mn
3d-As 4p states.

Although one may suspect the MnS formation between
the substrate and the dots, or on the surface of the dots, we
have confirmed the diminishing intensity of the S 2p core-
level peak with increasing the MnAs dot densities as shown
in Fig. 3, where the spectra have been normalized to the As
3d peak height. Since the photoionization cross sections of
the As 3d and S 2p orbitals are comparable, only a small
amount of Mn-S bonds can exist in the interface region.

To see this more clearly, in Fig. 3, we show five spectra of
the zinc-blende-type MnAs dots with different dot densities
taken at 80-eV photon energy, where the relative photo-
ionization cross sections of Mn 3d to As 4p increase. The
spectra have been normalized to the As 3d core-level height.

With increasing dot density, the Fermi edge appears at the
density of 331012 cm−2 and grows gradually. Except for the
evolution of the Fermi edge, the entire valence band shows
almost the same spectral line shapes, which indicates that the
formation of the zinc-blende-type MnAs dominates up to the
high-density region. The main peak positions at around24.5
eV are consistent with the previous studies of ultrathin Mn
layers on GaAs(001) substrates forming the fcc structure
since thea-phase Mn layer showed the main peak position at
23 eV belowEF.21 Spectra of the high-density MnAs dots
show a clear Fermi edge. The appearence of the Fermi edge
for the high-density dots suggests that a small amount of
NiAs-type MnAs starts to form at this dot density or that the
dots are contacted by each other and a conductive pass ap-
pears by percolation between dots, resulting in the occur-
rence of an insulator-to-metal transition. The latter scenario
is consistent with the AFM observation shown in Fig. 1(a).

The insulator-to-metal transition is also expected to influ-
ence the magnetic properties. Since the samples are thin

FIG. 2. A series of valence-band photoemission spectra, in the Mn 3p−3d core excitation threshold, ofin situ prepared Ga1−xMnxAs (a),
the zinc-blende-type MnAs dots in the middle density(b), the zinc-blende-type MnAs dots in the high density(c), and NiAs-type MnAs film
(d). The difference spectra between the on-resonanceshn=50 eVd and off-resonance(48 eV) spectra are also shown at the bottom of each
panel as a measure of the Mn 3d partial density of states.

FIG. 3. Wide-range photoemission spectra of the nanoscale
MnAs dots for different dot densities.
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films and the magnetic atoms are dilute, it is difficult to
characterize the magnetic properties using conventional
magnetic measurements. In the magnetic circular dichroism
study in the Mn 2p core-level absorption,22 it was revealed
that the high-density samples behave ferromagnetically, al-
though the samples with dot density less than the percolation
density s331012 cm−2d show nonferromagnetic(superpara-
magnetic) behavior. According to the band-structure calcula-
tion, the zinc-blende-type MnAs is predicted to be a half-
metallic ferromagnet.9–13 If the metallic and ferromagnetic
high-density MnAs dots behave as a half metal, they will
become a useful material for spintronic device application in
future.

In conclusion, we have investigated the electronic struc-

ture of the zinc-blende-type MnAs dots using thein situ
photoemission system combined with MBE focusing on its
dot-density dependence. The valence-band photoemission
spectra of the MnAs dots were similar to those of
Ga1−xMnxAs. An insulator-to-metal transition was observed,
which we attribute to a percolation between the dots or the
NiAs-type MnAs formation as a minority phase.
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FIG. 4. Dot-density-dependent
photoemission spectra of the zinc-
blende-type MnAs dots taken at
80-eV photon energy.(a) Entire
valence-band spectra and(b) nar-
row range spectra near the Fermi
level.
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